A highly NGF-secretlng cell line was generated by retroviral traneduction of a conditionally immortalized CNSderived neural progenitor cell line. After tranaplantation to the nucleus basalis magnocellularis (NBM), the cells continue to express the NGF transgene for at least 10 weeks, producing sufficient NGF to reverse cholinergic neuron atrophy in aged rats and induce cellular hypertrophy in young rats. In cognitively impaired aged rats, transplants of the NGF-secreting cells placed either in the NBM and septum or in only the NBM induced a near-complete reversal of the spatial learning impairment. This was accompanied by a normalizatlon of the size of the cholinergic neurons in the grafted areas. The results demonstrate that locally increased supply of NGF to the basal forebrain cholinergic nuclei has a significant Impact on cognitive function and support the usefulness of neural progenitor cells for long-term localized delivery of neurotrophins to the CNS.
Introduction
Cell transplantation offers interesting possibilities for intracerebral delivery of proteins of potential therapeutic value in conditions of brain damage or disease. In the ex vivo gene transfer approach, cells suitable for intracerebral transplantation are genetically modified in vitro, prior to their implantation into the brain, in order to serve as vehicles for transgenes that are expressed in specific areas of the recipient brain. Intracerebral grafting of genetically engineered cells has so far focused on either nonneural cell types, such as fibroblasts Fisher et al., 1991 ; Kawaja et al., 1992) and muscle cells (Jiao et al., 1992 (Jiao et al., , 1993 , which can be grown in large amounts from samples taken from adult donors, or on primary glial cells (astrocytes and oligodendrocytes) derived from fetal or early neonatal CNS Groves et al., 1993; Mucke and Rockenstein, 1993; La Gamma et al., 1993) . In addition, tumorgenic cell lines have been a possible alternative, provided they are irradiated prior to grafting (Maysinger et al., 1994) or enclosed within polymer capsules (Hoffman et al., 1993; Winn et al., 1994) to prevent uncontrolled growth into the host brain parenchyma.
Recently, CNS-derived neural progenitor cells immortalized with either the temperature-sensitive mutant allele of the SV40 large T antigen (tsA58) (Renfranz et al., 1991; Onifer et al., 1993; Anton et al., 1994) or v-myc (Snyder et al., 1992) have been introduced for intracerebral transplantation (reviewed in Snyder, 1994) . These cell lines are likely to be derived from multipotent neural progenitors present in the developing CNS tissue from which they are derived (e.g., the developing hippocampus, cerebellum, or brainstem), and they retain at least some of the features of multipotent neural progenitors both in vitro and in vivo after transplantation to the brain. These cells are particularly interesting candidates for ex vivo gene transfer to the brain. In particular, we (Martinez-Serrano et al., 1994, Soc. Neurosci., abstract; Martinez-Serrano et al., 1995) and others (Anton et al., 1994) have focused on the conditionally immortalized neural progenitor (CINP) cells generated from fetal rat brain with tsA58. These CINP cells can be proliferated in vitro at the permissive temperature (33°C), which allows efficient gene transfer with retroviral vectors and subcloning in vitro, but stop growing and differentiate into glial and/or neuronal phenotypes at the nonpermissive temperature of the brain. Morphological studies (MartinezSerrano et al., 1995; Lundberg et al., unpublished data) have shown that the transplanted cells divide on average 1-2 times, become postmitotic within a few days after grafting, and survive for prolonged periods (at least 6 months) in the host brain. In addition, the implanted CINP cells have the capacity to migrate and integrate into the cellular architecture of the host. The temperaturesensitive cell lines studied so far appear to form both neurons and gila after implantation into the developing brain (Renfranz et al., 1991; Onifer et al., 1993) , although most of them, including the parental HiB5 cell line used here, develop almost exclusively a glial phenotype after implantation into the adult CNS (Martinez-Serrano et al., 1995; Lundberg et al., unpublished data) . We have used the hippocampus-derived HiB5 cell line (Renfranz et al., 1991) to generate a nerve growth factor (NGF)-secreting cell by means of retroviral infection and subcloning at the permissive temperature. As reported elsewhere (Martinez-Serrano et al., 1995) , we identified a highly NGF-secreting subclone that contains multiple copies of the mouse NGF transgene and releases bioactive NGF at a rate of 2 ng/hr/105 cells. These so-called NGF-CINPs are thus among the most efficient NGF producers obtained so far. In vivo, the NGF-CINP cells were shown to express the transgene and secrete bioactive NGF at levels sufficient to provide complete protection of axotomized cholinergic septal neurons after transplantation into the septum in rats with transections of the fimbriafornix pathway, and to induce sprouting of cholinergic axons after transplantation to the intact striatum. The present study was performed to explore the therapeutic potential of this approach in a relevant behavioral model, i.e., the cognitively impaired aged rat, which is currently the most informative animal model for the in vivo assessment of functional effects of NGF in the brain. As with humans, aged rats display age-dependent decline in parameters of learning and memory. These behavioral impairments, which are associated with marked atrophic changes in the basal forebrain cholinergic system, can be ameliorated by intracerebral infusion of exogenous NGF (Fischer et al., 1987 (Fischer et al., , 1991 Fischer, 1994; Markowska et al., 1994) . Since NGF receptors are preferentially expressed in the cholinergic basal forebrain neurons, and since the age-dependent cholinergic neuron atrophy is reversed by such treatment, we have postulated that the improved learning and memory seen in the NGF-treated aged rats are mediated by a direct trophic action on the affected neurons in the nucleus basalis magnocellularis (NBM) and/or the septaldiagonal band area. W -report here that local intracerebral supply of NGF by transplants of NGF-CINP cells, confined to the NBM and septum or to the NBM only, can induce complete reversal of both the spatial learning impairment and the cholinergic neuron atrophy in aged rats, indicating that the basal forebrain nuclei are critical targets for the mediation of NGF-induced behavioral effects.
Results

Survival and Integration of NGF-CINP Cells after Transplantation to the NBM in Young and Aged Rats
Prior to transplantation, the NGF-expressing HiB5 cell clone E8 (NGF-CINPs) and the non-NGF-secreting control cells D/I (control-CINPs) were labeled either with [3H]thymidine or (in some of the aged rats) with bromodeoxyuridine (BrdU) in vitro. A total of 2 x I0 s cells were implanted at two sites in the NBM of young (3-month-old) or aged (22-to 23-month-old) rats. About half of the young recipients received daily injections of cyclosporin A (I0 mg/kg, intraperitoneally) to assess the possible occurrence of immune rejection responses induced by the allogeneic HiB5 cells (which are derived from a different stock of Sprague-Dawley rats than those used as recipients in the present study).
Autoradiography perfomed at I, 4, and 10 weeks after transplantation in the young rats, and after 4 weeks in the aged rats, showed that most of the [3H]thymidine-labeled cells had moved out from the transplantation site and were scattered within an area extending about I mm from the site of injection ( Figure I ). Most of the cells were localized within the NBM and the adjacent globus pallidus, internal capsule, and ventral caudate-putamen. In addition, some cells were found scattered in the thalamus and cortex along or near the injection tract. Consistent with previous observations after implantation of the cells into the striaturn and septum (Martinez-Serrano et al., 1995) , the vast majority of [3H]thymidine-labeled cells had a glia-like morphology, as judged from their size and shape in the sections stained with cresyl violet. The appearance and distribution of the [3H]thymidine-labeled cells were similar at all survival tim e points ( Figures IA and 1 B) , and the grafted cells appeared to survive equally well in both young and aged recipients ( Figure IC) . The results obtained with BrdU labeling were similar to those with [3H]thymidine, except that, overall, fewer cells were stained with the BrdU protocol used here (data not shown). No difference in cell survival was noted between immunosuppressed and nonimmunosuppressed rats, and no adverse tissue reaction indicative of immune rejection (such as lymphocyte infiltration or tissue damage) was observed in any of the grafts. As in previous studies, overgrowth was not detected in any of the animals used here, even 1 or 2.5 months after transplantation.
Trophic Effects on the Cholinergic NBM Neurons in Young Recipients
Infusion of exogenous NGF is known to induce cellular hypertrophy and up-regulation of the p75 low affinity NGF receptor (LNGFR) in the cholinergic neurons of the NBM (Higgins et al., 1989; Fischer et al., 1991; Dekker et al., 1994a) . In the present study, these changes were used as an in vivo index of an NGF-induced cellular trophic response. The grafted NGF-CINP cells induced a marked increase in LNGFR immunoreactivity within cell bodies and processes of the NBM neurons (Figure 2 ). In addition, there was a marked accumulation of LNG FR-positive neurites at the site of implantation of the NGF-CINP cells (Figure 2C, asterisk) . These changes were accompanied by a significant 40%-50% increase in the volume of the LNGFR-positive cell bodies (Figure 3) . None of these effects were seen after implantation of the controI-CINP cells. The hypertrophic response was similar in magnitude at all survival times (1,4, and 10 weeks) in both immunosuppressed and nonimmunosuppressed rats (tested at 1 and 4 weeks survival; Figure 3 ). However, the cyclosporin A treatment induced atrophy of the NBM neurons, resulting in a progressive decline in cell volume that reached significance after 10 weeks of continuous treatment (p < .05, one-tailed Student's t test).
Reversal of Spatial Learning and Memory Impairments in Aged Rats
A total of 29 learning-impaired and 7 nonimpaired 22-to 23-month-old rats were selected for this experiment on the basis of their performance in the Morris water maze task (Figure 4 , Pre-test; see Experimental Procedures). Half of the behaviorally impaired aged rats (n --14) received bilateral transplants of NGF-CINP cells either in the NBM (2 x 105 cells on each side; n --7) or in both the NBM and septum (2 x 10 s cells, bilaterally, in each site; n --7), and 8 rats received similar grafts of control-CINP cells (in the NBM and septum). The remaining 7 impaired animals were subjected to sham surgery only.
During the first month after transplantatio n , the animals were retested twice. In test 1, the rats were given eight trials per day over 5 days, starting 7 days after transplantation, and in test 2, the rats were tested over 4 days, starting 13 days after the end of test 1. The sham-operated rats and the rats grafted with controI-CINP cells did not differ from each other at any point during testing and were thus combined into a single control group (referred to as sham & control). The rats survived transplantation very well: only 1 rat (in the group receiving NGF-CINP cells in the NBM) died during testing and was thus excluded from further analysis. Moreover, the average body weight, as assessed at the end of the experiment, was similar in all groups. The rats that had received NGF-CINP cells in either the NBM or in both the NBM and septum showed a progressive improvement in their performance during posttransplant testing, from an average escape latency of about 30 s on day 1 of test 1 to about 10 s at the end of test 2 ( Figure  4B , closed circles). In test 2 (performed 25-28 days after cell implantation), the NGF-CINP-grafted rats had improved to the extent that they were no longer different from the animals in the nonimpaired group. By contrast, the rats that had received controI-CINP cells or sham surgery showed no improvement and remained severely impaired throughout testing. Thus, the escape latency of the sham & control rats at the end of test 2 (25-30 s) was as high as at the end of the pretest. This difference was not due to differences in swimming ability. Thus, the swim speed was similar in all three aged impaired Rroups and in the nonimpaired aged rats in both test 1 and test 2.
The extent to which the rats acquired memory for the location of the hidden platform was assessed in the socalled spatial probe tests, i.e., the single trials when the platform had been removed from the tank (at the end of the pretest and test 1 and on days 1 and 4 in test 2). The ability of the rats to locate the former platform site was measured as the number of crossings over the former platform site ( Figure 4C ). Before grafting, all impaired groups performed poorly in this test (average of -1 crossing, compared with -4.5 crossings in the nonimpaired group). Rats with grafts of NGF-CINP cells either in the NBM or in the NBM and septum showed a significant improvement in the posttransplant tests, up to the level seen in the nonimpaired animals. By contrast, the shamoperated and controI-CINP-grafted rats remained impaired throughout testing.
Behavioral Improvement in the Transplanted Aged Rats Is Accompanied by Cellular Changes in the NBM and Septum
At the end of testing (1 month after transplantation), the brains were processed for morphological analysis of the basal forebrain cholinergic neurons using LNGFR immunohistochemistry. Consistent with previous observations (Fischer et al., 1989 (Fischer et al., , 1991 , the LNGFR-positive cell bodies were significantly reduced in size (by about 35%) in both the NBM and the medial septum-vertical and diagonal band area (MSNDB) in the 25-month-old learningimpaired aged rats compared with the young animals. The cell sizes measured in the nonimpaired aged rats were intermediate to those seen in the young and the aged impaired groups. Grafts of controI-CINP cells had no effect on cell size (Figures 5C and 5D; Figure 6B ). By contrast, the NGF-CINP transplants reversed the age-dependent atrophy of the LNGFR-positive neurons of the NBM and increased neuronal volume about 200/0 above young values in the MSNDB (Figures 5E and 5F; Figure 6C ; Figure  7 ). This effect was regionally specific in that it occurred in both the NBM and MSNDB in those rats that received cell grafts in both areas, whereas it was seen only in the NBM in those rats where the grafts were confined to the NBM ( Figure 7 ). Cell numbers in the NBM or MSNDB did not differ between the groups. The change in cell size was accompanied by an increase in LNGFR immunoreactivity in the cell bodies and processes throughout the central portion of the NBM (in both groups) and in the MSNDB region (in the rats with grafts in both the NBM and septum), up to a level similar to that seen in the young animals. It is notable that, in the aged rats that had received NGF-CINP cell transplants in the NBM, neither the cell size nor the intensity of LNGFR immunoreactivity reached the supranormal levels seen in the NBM of young rats with similar NGF-CINP grafts (see Figure 3 ). 
Transgene Expression and NGF Production by the Transplanted NGF-CINP
NGF in NBM+MS (0) non-impaired (13) i. The rats were screasned for spatial memory performance before grafting (Pre-test) and then retested at 1 week (Test 1) and 3 weeks (Test 2) after transplantation. Note that, owing to the large n umber of animals used in this experiment, the age of the old rats ranged from 22 to 23 months at the start of the pretest (which consists of 5 consecutive testing days). (B) Escape latency (time needed to find the platform) before (Pre-test) and after (Test t and Test 2) transplantation. Open circles, shamoperated and controI-CINP-transplanted, memory-impaired aged animals (sham & control) ; open squares, behaviorally nonimpaired aged rats; closed circles, memory-impaired aged animals transplanted with NGF-CINP cells bilaterally in the NBM (upper panel) or in both the NBM and septum (lower panel). One-way ANOVA comparison among groups revealed significant differences at the indicated time points (asterisk, p < .05). (C) Platform crossings in the spatial probe trials (eighth swim trial on the last day of testing) in the pretest and test 1. The values given for test 2 represent the means of the two probe trials performed, on the first and fourth test days. At the end of the pretest, all animals in the memory-impaired groups did not learn the task, in contrast to the nonimpaired, aged-matched controls. After transplantation, the NGF-CINPgrafted animals but not the sham-and controlgrafted rats reduced their escape latency and showed an increase in focused search, resulting in the same number of crossings as the nonimpaired rats. The level of significance in the ANOVA test is given for each test week, and the asterisks indicate significant difference from the sham & control group (p < .01) in the Fisher PLSD post-hoc test.
total of 11 young rats and 3 (24-month-old) aged rats (not used in the behavioral experiment) received transplants bilaterally in the NBM: NGF-CINP cells on the right side and controI-CINP cells on the left (2 x 10 s cells per side). In the first experiment, 4 rats were sacrificed at 4 weeks and another 4 rats at 10 weeks, and a tissue block containing the grafted NBM area (approximately 2 x 2 x 2 mm in size) was dissected from each hemisphere. Aliquots of the tissue homogenates were processed for RT-PCR ( Figure 8A ) or NGF bioassay ( Figure 8C ) as described in Experimental Procedures. Homogenates of ventral mesencephalon and hippocampus tissue were included as reference samples in the NGF bioassay. In the second experiment, NBM samples from 3 grafted aged rats were processed for RT-PCR analysis together with similar samples from 3 young grafted rats (4 weeks posttransplantation; Figure 8B ). Samples of NGF-CINP cells (103, 104, or 105 cells cultured at either 33°C or 37°C) were added to equal-sized homogenates of the NBM region from nongrafted rats and served as standards in the PCR analyses ( Figures 8A and 8B ). It should be pointed out that, with the primers used here, only the retroviral mouse NGF transcript, not the endogenous rat NGF, is amplified in this procedure (Martinez-Serrano et al., 1995) . Figures 8A and 8B show the successful amplification of the NGF transcript produced from the retroviral vector from the grafted NBM area in all 11 young recipients (at 4 and 10 weeks postgrafting) and in all 3 aged recipients (at 4 weeks survival). The Southern blot hybridization in Figure 8B suggests that the expression of the vector was as good in the samples from the grafted aged rats as in the samples from the grafted young recipients, which were processed in parallel.
The NGF bioassay demonstrated increased NGF-like 1:50 dilution). The controI-CIN P-grafted NBM samples displayed neurotrophic activity slightly above that of ventral mesetmephalon. In the aged rats, the NGF-like neurotrophic activity measured in the NGF-CINP samples was similar to that found in young rats and significantly increased from the basal levels seen in the control-graft and ventral mesencephalon samples. In this case, the neurotrophic activity of the NGF-CINP-grafted NBM samples appeared to be higher than that of the aged hippocampus samples processed in parallel.
Discussion
The CINP cells used in this study (over a time period of 10 weeks) fulfill many of the requirements for efficient cellbased delivery of therapeutic proteins, such as neurotrophic factors, to the CNS. First, they express and secrete the protein (NGF) in vivo at a stable and biologically effective level. Second, they are nontumorgenic and fully immunocompatible with the host. Third, they survive long-term after transplantation to different areas of the brain without perturbing the host brain tissue (up to at least 10 weeks after grafting to the NBM, as shown here, and for at least 6 months after grafting to the striatum; Lundberg et al., unpublished data). Fourth, these cells are clonal in nature, are available in unlimited numbers, and have defined and stable properties both in vitro and in vivo. In addition, the CINP cells are brain derived and possess some highly interesting properties that make them particularly useful for ex vivo gene transfer to the CNS. These cells thus behave as genuine neural progenitors after implantation The animal groups are as follows: aged, memory-impaired rats receiving either sham operation (n = 7) or controI-CINP transplants in the NBM and septum (n = 8) (sham & control-graft); aged, memoryimpaired rats receiving NGF-CINP cells in the NBM (NGF-graft in NBM; n = 6); aged, memory-impaired rats receiving NGF-CINP cells in both the NBM and medial septum (NGF-graft in NBM+MS; n = 7); aged, nonimpaired rats of the same age (non impaired; n = 6); young (3-month-old), unoperated rats (young; n = 8). Statistical comparisons between groups using one-way ANOVA or Fisher PLSD: asterisk, different from sham & control (p < .05); number sign, different from young (p < .05).
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"o 75 8 so ~1 , and hippocampus) of the animals shown in (A) and (B); control-graft and NGF-graft correspond to the NBM region dissected from rats grafted with either controI-CINP or NGF-ClNP cells, respectively. An asterisk denotes difference compared with control-grafted NBM samples at p < .01 in young rats, both at 4 and 10 weeks postgrafting (n = 4 in each case), and at p < .05 in aged rats at 4 weeks postgrafting (n = 3) (one-tailed, paired Student's t test).
into the brain, such that, in the developing brain, they can participate in the formation of both neurons and gila, and in the environment of the adult or aged brain, they generate predominantly gila-like cells, at least in part astrocytes. Moreover, they migrate out from the implantation site and mix with the host glial cell population to create cellular chimeras within a circumscribed area with a radius of about 1 mm from the site of injection. These properties make the genetically transduced CINP cells ideally suited for constitutive localized delivery of potentially therapeutic gene products, such as neurotrophic factors, to defined areas of the CNS. The alternative NGF delivery systems that have been tested so far act as point sources. This is the case for implants of encapsulated NGF-secreting cell lines (Hoffman et al., 1993; Winn et al., 1994; Maysinger et al., 1994) or grafts of engineered fibroblasts or fibroblastic cell lines that remain as a tissue mass at the implantation site (Rosenberg et al., 1988; Str6mberg et al., 1990; Kawaja et al., 1992; Dekker et al., 1994b) o It is likely that this will create sharp concentration gradients of the active molecule around the implant and may necessitate much higher levels of transgene expression in the implanted cells to reach biologically active concentrations at a distance from the implant. This is a particular problem in the case of proteins (such as brain-derived neurotrophic factor) that have poor diffusion characteristics in brain tissue (Morse et al., 1993; Yan et al., 1994) . The ability of the genetically transduced CINP cells to become well integrated into the pool of glial cells should provide for a more even physiological supply of neurotrophic factors within the area of cell integration.
Effects in Young Recipients
Transplants of NGF-CINP cells implanted in the NBM region of noniesioned young rats were found to induce a marked hypertrophic response (i.e., an increase in cell size and LNGFR immunoreactivity) of the NBM cholinergic neurons. This indicates that the two cellular graft deposits used here (10 s cells each, placed about 1 mm apart) were sufficient to induce a significant trophic response throughout the central portion of the nucleus, and that this effect was sustained for at least 10 weeks after grafting.
These data are consistent with previous studies in young rats showing that infusions of exogenous NGF, given either intraventricularly or locally into the NBM ~region in doses of 0.3-10 I~g/day, induce significant increases in size and LNGFR expression in the cholinergic neurons of the intact NBM (Higgins et al., 1989; Fischer et al., 1991) as well as after excitotoxic NBM lesions Dekker et al., 1994a) , In rats with bilateral excitotoxic NBM lesions, this effect has been seen to be accompanied by a significant improvement in their performance in the water maze task (Mandel et al., 1989; . More recently, Dekker et al. (1994b) have reported that implantation of NGF-secreting fibroblasts dorsal to the lesioned NBM can induce a similar hypertrophy of the spared LNGFR-positive NBM neurons, as well as an improvement in acquisition of the water maze task.
Reversal of Memory Impairments in Aged Rats
NGF infused into the lateral ventricle has previously been shown to improve the performance of aged rats in the Morris water maze task. At lower doses (0.15-0.30 p.g/ day for 4 weeks), the improvement is quite circumscribed and limited to an effect on the retention of already acquired performance (Fischer et al., 1987 (Fischer et al., ,1991 , whereas a significant improvement in the acquisition of spatial memory performance requires 10-fold higher doses (5 I~g/day; Fischer et al., 1994; Markowska et al., 1994) . Although these behavioral effects are likely to be mediated at least in part by an action on the NGF-sensitive cholinergic forebrain neurons, the critical site(s) of action of NGF administered via the cerebrospinal fluid are unclear. In fact, the behavioral improvement has been observed to be accompanied by increases in the size of cholinergic neurons not only in the NBM and MS/VDB areas but also in the striatum (Fischer et al., 1987 (Fischer et al., ,1991 , and similar intraventricular NGF treatment has been Observed to increase acetylcholine synthesis and evoked release in several forebrain regions, including the septum, striatum, and hippocampus in aged rats (Yunshao et al., 1991; Williams, 1991; Rylett et al., 1993) . Moreover, Mervis et al. (1991) have reported a significant effect of intraventricular NGF on the morphology of layer V pyramidal cells in the frontal cortex in 24-month-old Fischer 344 rats (seen as a reversal of agedependent changes in dendritic branching and spine density).
The present study provides direct evidence that agedependent spatial learning impairments in the water maze task can be reversed by local supply of NGF to the NBM and septum, or to the NBM alone, and that this effect is equal in magnitude to that seen after intraventricular infusion of high doses of NGF. These observations thus provide strong support for the view that the memoryenhancing effect of NGF in the aged rat is mediated via a direct action on the NGF receptor-bearing neurons in the basal forebrain, and that the NBM is a particularly effective site for this effect.
The effect of the NGF-secreting CINP cell grafts in the aged rats was seen as a normalization of cell size and LNGFR immunoreactivity in the atrophic NBM neurons, rather than a hypertrophic response, similar to what has previously been observed after intraventricular NGF infusions (Fischer et al., 1991 . The trophic response induced by the NGF-CINP cells (i.e., increased cell size and increased LNGFR immunoreactivity) was clearly confined to the area surrounding the transplantation site. It thus occurred in the NBM, but not in the MS/VDB, in rats with cells implanted into only the NBM, whereas the trophic effect was seen in both areas in those rats where implants were made into both the NBM and septum. The magnitude of increase in cholinergic cell size (+40O/o -50%) was similar or even greater than that observed after intraventricular NGF infusions (+40%; Fischer et al., 1994) and was sufficient to reverse completely the age-dependent cellular atrophy within the region containing the transplanted NGF-CINP cells, and even to increase cell size significantly above young values in the MS/VDB.
Evidence for Long-Term In Vivo Transgene Expression
The level and duration of transgene expression in vivo is a critical question in all gene transfer experiments. The vector used in this study was derived from a Moloney murine leukemia virus and designed not to contain any other genetic elements apart from the NGF cDNA and essential viral sequences (i.e., a vecto r where the transgene is under the control of the 5' LTR promoter, but without drug selection gene or internal promoters). We have proposed that a vector with these characteristics should be less prone to in vivo shutdown (Martfnez-Serrano et al., 1995) . In the present study, direct evidence for the expression of the viral NGF transcript (using primers that do not amplify endogeneous NGF mRNA) was obtained at all time points studied: at 4 and 10 weeks after transplantation in young recipients and at 4 weeks in aged rats. The RT-PCR analyses indicated that the level of NGF expression was similar in both the young and aged brains, and that the transgene expression was maintained at a significant and fairly constant level for at least 10 weeks after grafting. Consistent with the PCR data, the NGF bioassay demonstrated significant NGF-like bioactivity in the NBM samples containing NGF-CINP cell grafts, at both 4 and 10 weeks after transplantation. In a parallel study (Martfnez-Serrano et al., 1995) , we have observed that the NGF mRNA expression in the NGF-CINP cells is reduced by approximately one order of magnitude when the cells are transferred from the permissive (33°C) to the nonpermissive (37°C) temperature in culture. However, the level of NGF secretion was unchanged, suggesting that the overall NGF synthesis and/or secretion rate is higher at 37°C than at 33"C. The present RT-PCR data suggest that the level of NGF mRNA expression seen after transplantation is close to that obtained from the same number of NGF.CINP cells maintained at 37°C in vitro, which argues against any direct in vivo-induced down-regulation of expression from this retrovirus. It appears, therefore, that down-regulation of the NGF transgene in vivo is primarily associated with the transition of the CINP cells from the permissive to the nonpermissive temperature, i.e., from a proliferative to a nonproliferative state.
From the in vitro release experiments, we have estimated that the NGF secretion rate of the NGF-CINP cells is 2 ng/hr/10 s cells (i.e., 0.1 i~g/day/graft; Martinez-Serrano et al., 1995) . This is about one order of magnitude less than the NGF doses (0.3-3 p.g/day) used to induce trophic effects in NBM neurons after local infusions into the NBM region in young rats (Higgins et al., 1989; Dekker et al., 1994a) . Similarly, doses of 0.3-1.0 i~g/day are only marginally effective on NBM neurons when infused intraventricularly in young rats . In the aged animals, the NGF-CINP transplants in the NBM, or in the NBM and septum, were as effective in reversing the age-induced spatial learning impairments and cellular atrophy as a 5 p,g/day intraventricular infusion, and were clearly more effective than a dose of 0.15-0.30 ~g/day (Fischer et al., 1987 (Fischer et al., , 1991 . Together, these data indicate that NGF is considerably more effective when applied locally, near the target cell bodies, than when administered via the cerebrospinal fluid, and that the dispersed NGF-CINP cells represent a particularly effective local NGF delivery system.
Conclusions
This report shows that local intracerebral supply of NGF by an experimental gene therapy procedure can induce long-term modification of the recipient's behavior, as seen in a well-characterized rodent model of age-dependent cognitive decline. The results show that the NGF-secreting CINP cells implanted into the NBM region (with an estimated secretion rate of about 0.1 i~g/day/graft) are as effective in reversing both age-dependent spatial learning impairment and NBM cholinergic neuron atrophy as high doses of NGF (5 p.g/day) infused intraventricularly. These data provide evidence that the basal forebrain cholinergic neurons are critically involved in the mediation of the behavioral effects of this neurotrophic factor, and that the NBM is a highly effective target for the ameliorb.tion of spatial learning deficits by NGF in cognitively impaired aged rats. The results demonstrate, moreover, that conditionally immortalized neural progenitor cells are highly useful tools for ex vivo gene transduction and long-term transgene expression that can be targeted to defined areas of the mature or aging CNS.
Experimental Procedures
Cell Culture The generation and in vitro characterization of the CINP clones, D11 (control) and E8 (NGF-producing), have been described elsewhere (Martinez-Serrano etal., 1995) . These cells were derived by retroviral infection and subcloning of the HiB5 cell line, which expresses a temperature-sensitive allele of the large T antigen from SV40 (Renfranz et al., 1991) . The cells were cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (GIBCO), 10,000 U/ml penicillin, 10,000 U/ml streptomycin, and 2 mM glutamine, in an incubator set at 33°C (which is the permissive temperature of the tsA58 mutant variant of the large T antigen immortalizing protein).
For transplantation the cells were prelabeled in vitro with [3H]thymidine (Amersham; specific activity 185 GBq/mmol; added each day at 0.25 p.Ci/ml for 3 consecutive days). This procedure resulted in labeling of 100% of the cells, as assessed by autoradiography of cultures grown on polyornithine-coated microscopy slides. In some of the grafting experiments in aged animals, the cells were labeled with BrdU (10 p.M for 2 hr, 16 hr before grafting). At the time of surgery, the cells were resuspended by trypsinization, collected by centrifugstion (10 min at 300 rpm), and washed in HBSS (GIBCO). A cell suspension was prepared in H BSS at a cell density of 105 cells/id and used within 2-3 hr.
Animals and Transplantation Surgery
The animals used in this study were female Sprague-Dawley rats (B & K Universal, Stockholm, Sweden) kept under standard diet and a 12:12 hr light-dark cycle. A total of 47 young (3-month-old) and 39 aged (22-to 23-month-old) rats were used. The aged rats were obtained as retired breeders at 10-11 months of age and housed for an additional year before the beginning of the experiment. From a batch of 90 aged rats, 29 learning-impaired and 7 nonimpaired aged rats were selected on the basis of their performance in a pretest in the Morris water maze task (Morris, 1984) using previously established criteria (Gage et al., 1984; Fischer et al., 1991) . A group of 6 young animals was included as a reference in the morphometric analyses, and an additional 3 aged animals were used for RT-PCR analysis of NGF transgene expression and in vitro NGF bioassays (see below).
For transplantation, the young rats were anesthetized with equithesin The learning-impaired aged animals were subdivided into four groups: sham-operated (n = 7), bilateral implants of controI-CINPs into both the NBM and septum (n = 8), bilateral implants of NGF-CINPs into both the NBM and septum (n = 7), and bilateral implants of NGFCINPs into the NBM alone (n = 7). An additional group of aged rats (n = 3) that received grafts into the NBM region (controI-CINPs on one side and NGF-CINPs on the other) was used for RT-PCR analysis and NGF bioassays.
Young rats (n = 41) received controI-CINPs into the NBM on one side and NGF-CINPs on the other. Of these, 22 were used for microscopic analysis (8 at 1 week, 9 at 4 weeks, and 5 at 10 weeks survival), 11 for RT-PCR analysis (7 at 4 weeks and 4 at 10 weeks), and 8 for the NGF bioassay at 4 and 10 weeks. Some of the animals used for microscopic analyses (see Figure 3 ) received daily injections of cyclosporin A (10 mg/kg, intraperitoneally; Sandimmune, Sandoz)to control for possible immunological rejection of the grafted cells.
Behavioral Testing Spatial learning and memory was assessed in the Morris water maze task using a circular pool (120 cm in diameter, 45 cm in height) with an invisible escape platform placed 1 cm beneath the water surface. The test procedure (see Figure 4) followed that previously used to assess effects of exogeneous NGF infused with osmotic minipumps (Fischer et al., 1991 . Briefly, the protocol comprised three tests: a pretest performed about 4 weeks before grafting surgery; test 1, which was started 7 days after grafting; and test 2, which was started 13 days after the end of test week 1. Each rat was given 8 trials per day for 5 days in the pretest and test 1, and for 4 days in test 2, using alternating start positions and a fixed platform location. The break-off time for each trial was 60 s. A spatial probe test (performed by removing the platform from the pool and measuring the number of times the rat swam over the former platform site during 60 e) was performed on the last day of the pretest and test 1, and on the first and last day of test 2. Since the sham-operated and the controI-CINP-grafted rats did not differ in any of the parameters studied, they were combined in a single sham & control group. After completion of all tests in the water maze (4-5 weeks postsurgery), the rats were sacrificed for histological analysis. Histology Animals were transcardially perfused with ice-cold 4% buffered paraformaldehyde under deep anesthesia; the brains were removed and postfixed overnight. After equilibration in 20% sucrose, the brains were cut coronally in 30-40 p.m thick sections on a freezing microtome. For [3H]thymidine autoradiography, the sections were dipped in Ilford K5 photographic emulsion and exposed for 4-6 weeks. Afte[ development, the sections were lightly counterstained with cresyl violet. LNGFR immunohistochemistry was performed as described elsewhere (Fischer et al., 1991) , using the 192-1gG monoclonal antibody (courtesy of Dr. E. Johnson) and a biotinylated secondary horse anti-mouse antibody (Dako); BrdU was visualized with a monoclonal antibody (Amersham) following the protocol suggested by the supplier. Visualization of the reaction product was achieved by a peroxidase-labeled avidin-biotin complex (Dako).
Morphometrlc Analysis Number and volume of LNGFR-positive cell bodies were assessed with stereological methods (optical fractionator and Cavalieri's volume method; Gundersen st al., 1988) using the GRID software (Interectivision, Silkeborg, Denmark) and an Olympus BH2 microscope equipped with a computer-controlled motorized microscope stage, to sample sections in an unbiased but systematic manner. Cells were measured bilaterally in the MS/VDB (from the genu of the corpus callosum to the level of the crossing of the anterior commissure) and in the NBM region, defined as the LNGFR-positive neurons located in the globus pallidus and the adjoining part of the internal capsule. Comparison of the values obtained in the two different experiments shown in Figure  3 and Figure 7 , analyzed by two independent investigators, illustrates the accuracy and reproducibility of the cell volume measurement in this procedure.
RT-PCR
Adult or aged rats were transplanted bilaterally in the NBM region with controI-CINPs or NGF-CINPs. At the indicated times after transplantation (4 or 10 weeks), the rats were anesthetized, and their brains were removed and quickly frozen on crushed dry ice. Brain dissection was done working on top of a dry ice-cooled plate, always keeping the tissue frozen. Once all the samples were collected and stored in dry ice, the tissue was homogenized in complete cell culture medium, aliquoted, immediately frozen in dry ice, and stored at -80°C until used.
RNA was purified following the method of Chomczynski and Saachi (1987) , with two acid-phenol extractions, to eliminate contaminating genomic DNA. At the beginning of the procedure, the samples were thawed in denaturing solution D to prevent RNA degradation. RT-PCR amplification of the retroviral transcript was performed as described elsewhere (Martinez-Serrano et al., 1995) , using known amounts of cultured cells as standards, once mixed with equivalent tissue pieces from nontransplanted animals. Primers were designed to amplify a fragment containing both viral and mouse NGF sequences that is present in the transplanted cells but not in the host rat brain. PCR products were electrophoresed in a 1.5% agarose gel, transferred to a nylon membrane, and probed with a =P-labeled 36-mer oligonucleotide designed against a polylinker sequence present in the amplified region (Martfnez-Serrano et al., 1995) .
NGF Bloaseey
To determine how much NGF-like bioactivity was present in the transplanted brains, an aliquot of the tissue homogenates obtained from the grafted brains, as above, was thawed and centrifuged at high speed (10,000 x g) for 30 min. A 1:50 dilution of the supernatant was used in a bioassay with NGF-primed PC12 cells (Greene, 1977; Greene and Rukenstein, 1989) as described in Martfnez-Serrano et al., 1995. Assayed regions included the controI-CINP-or NGF-CINP-grafted NBM, using ventral mesencaphalon and hippocampus as the low and high NGF content tissues, respectively, for reference. The plates were scored 24 hr later; 0% and 100% of NGF-induced differentiation was assessed in wells without added NG F and in wells containing 100 ng/ ml purified NGF (a generous gift from Regeneron Pharmaceuticals, Inc.).
